We conducted a floristic ordination and gradient analys is of plant communities extending from prairie through graminoid-dominated wetlands in the Chicago region of northeastern Illinois. Data represented about 450 species from 103 stands sampled across a grad ient of six soil moisture classes ranging from dry to hydric, and included sand, gravel, dolomite and loam prairies, as well as fen, sedge meadow, floating mat, marsh, and bog. As found in other midwestern grassland studies, vegetation aligned most strongly along a soil moisture gradient, with individualistic species distributions forming a hierarchical continuum, and lower species richness at the dry and wet extremes of the moisture gradient. Most species were infrequent, with about 70% occurring at less than 20% frequency and present in less than five communities. Species that were more frequent within communities were also more widespread among communities, fitting the niche-based mode l of species distribution. Moreover, less than 20% of a ll species sampled were significant indicators of so il moisture grad ient classes, with most representing mesic and hydric habitats. Dominant prairie grasses extended from dry to wet habitats, merging with wetland species in graminoid fen, calcareous seep and sedge meadow habitats. Hydric habitat, represented by calcareous floating mat, marsh and bog, had fewer dominant prairie species and was dominated by a wetland flora. These results provide compositional and structural models for managing and restoring vegetation across the prairie-wetland vegetation gradient of the Chicago region. of tile Torrey Botanical Club 53,7-26. Grace, J.B. 2001. The roles of corrununity biomass and species pcols in the regulation of plant diversity. Oikos 92,193-207. McBride, ].M and M.L. Bowles. 2001. Vegetation pattern of DuPage and Will counties at the time of European settlement. Pages 763-71 in C.E. Petersen (ed.), Proceedings of the Twelvth Northern lllinois Prairie Workshop. Glen Ellyn, lIiinoi" College of DuPage. McCune, B. and M.J. Mefford. 1997. PC'()RD. Multivariare analysis of ecological data,
Introduction
The eastern tallgrass prairie and its associated wetlands are one of North America's most highly fragmented ecosystems (Robertson and Schwartz 1994, Samson and Knopf 1994) . This vegetation constituted about 80% of the pre-European settlement landscape of the C hicago region of northeastern Illinois, covering about 1,598,090 acres (647,000 hectares) (e.g., McBride and Bowles 2001) . Today, less than 0.2% of this vegetation remains in high-quality condition (White 1978) , and there is little specific information available on the extent to which it intergrades along an edaphic gradient ranging from dry to hydric. This information is important because the great interest in managing and restoring tallgrass prairie and wetlands in the Chicago region (Betz 1986 , Packard and Mutel1997, Betz and others 2000 requires knowledge of how species are distributed across environmental gradients.
Soil moisture, as controlled by drainage, is considered the primary environmental factor affecting the distribution of prairie vegetation. Curtis (1959) used a compositional index based on indicator species for different drainage types to describe the distribution of Wisconsin prairie species along a one,dimensional soil moisture gradient ranging from dry to wet. Oix and Smeins (1967) also used soil moisture as the primary ecological gradient for a landscape-scale analys is of North Dakota prairie vegetation. However, soil texture, degree of internal drainage, and soil depth also have impor, tant secondary effects on species distribution (Whitford 1958, Nelson and Anderson 1982) . For example, White and G lenn- Lewin (1984) found a multidimensional rela tionship among Iowa prairie stands based on d irect grad ien t analysis of species distribution in relation to soil dra inage and textural differ, ences. Faber-Langendoen and Maycock (1994) found a similar relationship across prairie vegetation gradients in Ontario. In Illino is, Corbett and Anderson (2001) also demonstrated that soil texture and topographic position interact with soil moisture to affect the distribution of prairie vegetation.
In addition to expected edaphic effects on vegetation, multiple models have been applied to the landscape scale distribution of prairie species. Using data from Betz and Lamp (1989) , Collins and Glenn (199 1 ) demonstrated that regional prairie species distribution fits the niche,based species distri, bution model of Brown (1984) . In this model, common species (i.e., occurring at high frequencies within communities) also have broad habitat niches, occurring across multiple communities. Conversely, rare species that occur at low frequencies also tend to have more n arrow niches, occurring across fewer communities. Plant species are also expected to have individualistic distributions that form a continuum across environmental gradients (Gleason 1926) . Based on this model, plant communities can be described based on overlap, ping distributions of dominant species, but no species will = have identical patterns (Curtis 1959) . With a broad gradient, this pattern also may be nested and hierarchical (Collins and others 1993) . A third model can be developed based on the expected distribution of species richness, which usually peaks at intermediate resource levels (Mittlebach and others 2001) . In accordance, species richness in Midwest prairies has been found to be unimodal across a landscape soil moisture gradient, with lower richness in dry or wet habitat extremes (Curtis 1959 , Bliss and Cox 1964 , Dix and Smeins 1967 , Crist and Glen-Lewin 1978 .
In this paper, we use historic data to conduct a floristic gradient analysis in relation to soil moisture drainage classes and substrate types for prairie and graminoid wetland vegeta~ tion of the Chicago region of northeastern Illinois. We sought to determine how plant species and communities are distrib~ uted across a landscape soil moisture gradient, and to describe the ecological distribution of dominant prairie and graminoid wetland vegetation in the Chicago region. We also determined how species and species richness are distrib~ uted across this ecological gradient in rela~ tion to the niche~based, continuum and unimodal models, and the extent to which indicator species could be ident ified for different habitats based on moisture gradient categories.
Study Area
McHoory Co J.
. Kene Co, from acid to alka line, depending upon groundwater character~ istics, with up to 50% or more organic matter in bogs and fens and over 20,000 ppm Calcium in strongly calcareous sites (Bowles and others Z005b) .
The Chicago region is located along the northeastern boundary of the "prairie peninsula," a biogeographic zone of North America located at the east edge of the rain shadow of the Rocky Mountains (Transeau 1935) . This eastern exten~ sion of prairie has cold winters and warm, humid summers that are characterized by unpredictable precipitation and occasionally severe summer drought (Weaver 1954) . These periodic droughts acted in concert with frequent lightning~ and Ind ian~set prairie fires to maintain tallgrass prairie and savanna in a region where annual rainfall is capable of supporting forest development (Gleason 1913 , Curtis 1959 , Anderson 1990 , Anderson and Bowles 1999 .
The surficial geology of the Chicago region of Illinois represents Woodfordian-aged glacial material, which was deposited in the last 20,000 years. The northern, western and southern portions of the region are primarily glacial drift represented as end moraines, till plains and outwash, wh ile the east central part of the region occupies the fonner bed of glacial Lake Chicago, formed about 14,000 years ago after the retreat of the last glacier (Willman 1971). Predominant substrates include fine~ textured silt~ and clay~loams developed from glacia l till and lake bed deposits; sands in glacial outwash, lake plain deposits and beach ridges; coarse~textured gravels in kames, eskers and valley train deposits; and dolomite bedrock exposed along the major river valleys. Soil chemistry and fertility vary across these habitats (Fehrenbacher and others 1984) . Fine~textured prairie soils tend to be neutral in pH, with about 10% organic matter; sand soils are usually acidic with less organic content, but become a lka~ line near Lake Michigan; gravel and dolomite soi ls are usually alkaline and calcareous but with low organic matter (Bowles and others Z005a). Wetlands range Dix and Smeins (1967) . In addition, loam, sand, gravel, and dolomite soil substrates were used in combination with drainage modifiers to further define communities, such as "dry~mesic sand prairie." Loam, the finest texture, was consid~ ered typic and was not used as a modifier, such as a "dry-mesic (silt-, clay-, or sand-loam) prairie." The Chicago region INAI data also included a single sand shrub prairie and six black oak (Quercus velutina) sand savannas, which were defined by having 10-80% tree canopy cover. We included the shrub prairie and sand savanna data sets in our analysis, as well as wetland data sets collected from sedge meadow, gramioind fen, calcareous seep, calcareous float ing mat, marsh and difficult graminoid species. As a result, we used the 1976 data as the reference for undisturbed composition, and our data to correct for domi~ nant grasses and sedges that were identified to the genus level in 1976. We also added recent data from a single foredune transect, as well as from six transects in IN A l wet prairie stands that were not originally sampled, resulting in 103 data sets used for this study (Table I) . Each sampling data set was organized into a species by plot matrix from which species frequencies were calculated. These frequencies were then aver~ aged across the rep licate data sets for each community type and entered in a new matrix used for ordination and classification analysis. Seven rare habitat types (foredune, dune, dry sand prairie, dry sand savanna, sand shrub prairie, graminoid bog and calcareous seep) were represented by single data sets in this average matrix. Consequently, they would tend to have comparatively low total richness and unreplicated estimates of ave rage species frequencies-factors that could affect subse~ quent analyses. Community types were ordinated using Non-metric Multi-dimensional Scaling (NMS) with mean species frequencies as metries and a Sorenson (Bray~Curtis) distance measure on PC~ ORO (McCune and Mefford 1997). They were also clustered on PC-ORO using Ward's method with a Relative Euclidean distance measure. T he soil moisture classes assigned to each community, as well as substrate types, allowed a direct grad ient ana lysis of the ordination and avoided the circularity that otherwise would have resu lted from interpreting species composition from a species~based classification. To assess species distribution across the moisture gradient, mean species frequencies from each community were averaged within each of the six moisture classes. Communities were assigned to these classes based on their alignment on the first ord i~ nation axis. Sand shrub prairie data were combined with dry~mesic prairie data, graminoid fen and calcareous seep data were averaged with weHnesic prairie data, sedge meadow data were averaged with wet prairie data, and graminoid graminoid bog vegetation. Nomenclature follows Plants of the Chicago Region (Swink and Wilhelm 1994).
The INA! usually sampled Grade A or B sites, using ZO to 30 circular O.ZS-m' plots randomly distributed along transects within natural community types. We re~sampled the Chicago region sites in ZOO l-Z003 by re~surveying original transect locations that had been mapped on I: 7 ,920 scale aerial photos. Our sampling indicated that many vegetation types had deteriorated over time with fire exclusion (Bowles and Jones Z004), but our data had more precise identification of oog, marsh and calcareous floating mat data were averaged as hydric data. We also used Indicator Species Analysis (Dufrene and Legendre 1997) on PC-ORO to determine abundance of indicator species for different soil moisture classes, with a Monte Carlo test of significance at P < 0.05 with 1,000 runs.
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Total species richness was taken from each original tran~ sect data set to avoid inflated values ca used by pooling repli~ cate transects. This measure represents an estimate of species richness based on the species accumulation curve for each transect. There was no significant variation (F = 0.74, P = = 0.592) in sample size among soil moisture classes in this study (x ~ 21.87 ± 0.41 se plots/transect), which would avoid bias in this estimate of richness. From the same data, we also calcu~ lated the average number of native species sampled per 0. 25~ m 2 plot, which is a scale-dependent measure of a diversity, or species density. We then used ANOYA in a general linear model to test whether these metrics differed across the INAI soil moisture gradient classes described above, and also whether these values differed between Grade A and B data sets. We used two approaches to assess whether species distri~ bution patterns fit the niche-based model of Brown (1984) . We first used linear regression to test whether frequencies of species averaged across all communities in which they occurred were dependent upon their niche breadth, (i.e., the number of communities they occupied). We conducted this analysis using all communities, as well as a subset from which unreplicated rare communities had been eliminated.
In the second analysis, we tested whether rare species had more narrow niche breadths than common species. For this test, we defined rare species as having less than 10% average frequency (N = 282 species) and common species as having greater than 20% frequency (N ~ 142), and calculated species niche-breadths for these groups as the mean number of communities occupied. We used these arbitrary thresholds for rare and common, because average plot frequency (x = 11.5% ± 15.4 std. dev.) for all species fell between these values. We also compared niche breadth and frequency between graminoid and woody species groups in both rare and common categories. Woody vegetation occurrences were too infrequent for a statistical comparison.
Results and Discussion

Community Gradients
The first and second NMS ordination axes contained more infonnation than expected by chance, with the first axis accounting for more than three times as much variation and corresponding to the INAI soil moisture categories ( Figure 2 ). The dry extreme of the ordination consisted of vegetation with low first axis scores. Foredune, dry sand prairie, and dune vege~ tation had the lowest scores, while dry sand savanna and dry gravel prairie tended to separate by higher first axis scores and lower second axis scores. Hydric vegetation, represented by calcareous floating mat, marsh and graminoid bog, had the highest first axis scores, and also separated from sedge meadow and wet prairie vegetation by higher second axis scores. Mesic and wet-mesic prairies were centrally located, with intermediate first axis scores, while dry~mesic prairies and dry~mesic savanna had lower first axis scores. Calcareous seep and sand shrub prairie had extremely high and low second axis scores, respectively. Ward's cluster analysis corresponded closely to the NMS ordination ( Figure 2 ). With about 50% infonnation retained, six cluster groups had 77% correspondence to our a tniori assign~ ment of communities into six INAI drainage classes. With about 25% information remaining, two cluster groups corresponded to wetland and upland vegetation categories. Our hydric and wet prairie drainage classes formed separate groups in the wetland category. Among the upland cluster groups, one included five of the six communities assigned to the dry drainage class. Our dry~ mesic and weHnesic communities were more divergent between multiple cluster groups. Subgroups representing graminoid fen, calcareous seep and wet dolomite prairie, as well as graminoid bog, calcareous floating mat and marsh also corresponded to their separations on the second NMS axis. The INAI classified calcareous floating mat differently-as a type of fen.
Ordination of Chicago region prairie and wetland plant communities suggests that a soil moisture gradient is the strongest environmental factor affecting the distribution of this vegetation, which supports the one~dimensional species distribution model of Curtis (1959) . The overriding importance of drainage is also shown by the clustering of different substrates within similar moisture classes. However, the soil moisture gradient is also linked with substrate and topographic effects. Dry sites are primarily on sand or gravel substrates, which are easily drained, especially on slopes, while hydric sites usually occupy low landscape positions and tend to be strongly organic because water saturation retards decom~ position. Vegetation alignment on the second NMS ordina~ tion axis could reflect substrate effects, such as greater alkalinity and calcium content in fen, dolomite prairie and calcareous seep vegetation (Bowles and others 2005b) . Other secondary effects are less clear, but could include differences in organic and nutrient content among sand, gravel and loam soils (Bowles and others 2005a) . Such differences wou ld support contentions that substrate effects are important in understanding mu ltivariate vegetation patterns (Whitford 1958 , Nelson and Anderson 1982 , White and Glenn-Lewin 1984 , Faber-Langendoen and Maycock 1994 , Corbett and Anderson 2001 . Because our data represent drainage and substrate classes that lack exact environmental measures, specific effects are unknown. However, our data appear to be most strongly influenced by drainage as they represent broad hydrological gradients within different substrate typeseffects that are rarely detected in other vegetation studies.
Species Distribution
Species Richness and Spatial Abundance More than 450 species were sampled across all communities. Graminoid species represented 22% of these species, forbs 68%, and woody species 10%. As found by Curtis (1959) and by Dix and Smeins (1967) , species richness was lowest at the dry and wet extremes of the moisture gradient, with average total richness exceeding 40 species in mesic and wet~mesic habitat (Figure 3 ). Mean plot species richness corresponded similarly (F ~ 8.99, P < 0.001), with highest va lues in mesic and wet~mesic habitats, which exceeded ten species per 0.25 m 2 • As a result, total richness and plot species richness were significantly correlated (r ~ 0.556, P < 0.001). This tendency for greater species richness in mesic habitat is apparently regu~ lated by multiple factors, including levels of biomass, nutrients and competition, as well as the pool of species available to colonize this habitat (Grace 2001) . Grade A prairies had higher total richness (F = 4.91, P = 0.029) and higher plot species richness (F = 12.0, P < 0.001) than Orade B prairies. This indicates that species richness can be an important factor in ranking vegetation qua lity (Bowles and Jones 2006) .
Most species were rare at the landscape level, with 33% occurring in single communities and 70% found in less than five communities (Figure 4) . Most species were also infre~ quent within communities with 50% occurring at less than 10% average plot frequency and 70% occurring at 20% or less frequency. There was a significant positive correlation (P < 0.00 1, r2 = 0.054) between average species frequenc ies and their n iche breadth (measured by the number of communities occupied) across all communities and a stronger correlation (P < 0.00 1, r2 = 0. 182) across communities represented only by multiple replicates.
Niche differences also occurred between rare and common vegetation (Table 2) . Among all species, common species had greater n iche breadth than rare species. There was no difference in niche width between common or rare graminoid and forb species. Thus, few species were widely distributed, and species that were more frequent with in communities had broader niche distribu~ tions, fitting the niche-based regiona l species distribution model of Brown (1984) . Collins and Olenn (1991) , using data from Betz and Lamp (1989) , verified this same pattern. However, because their site data was based on species lists, within~habitat species frequencies were not available to test whether widespread species also were more frequent within habitats.) Graminoid species represented only 25% of all common species but averaged greater plot frequency than forbs (Table 2) . This indicates that prairies and graminoid wetlands tend to be dominated by comparatively few graminoid species that occur at relatively high frequencies, but that species richness is dependent upon a larger number of lessfrequent forbs. Shrubs were the most infre~ 
Species Distribution in Relation to Soil Moisture Classes
Dominant graminoid and forb species showed strong individu~ alistic but overlapping distribution patterns along the soil moisture gradient (Appendices I and II). Individual species distributions by plant community are in the appendices. These unique distributions along a moisture gradient are consistent with Curtis's findings (1959) that species form a vegetational continuum. This pattern is most clear with forbs. Graminoid species tend to form a hierarchical nested continuum, which wou ld be expected when dominant species, such as grasses, are present (Collins and others 1993) . Our lack of data from intermediate drainage positions (e.g., midway between dry and drymesic) as well as the potent ial for use of dominant grasses to help identify moisture classes may affect this distribution. Nevertheless, dominant prairie grasses are well known as indicators of soil dra inage characteristics because they are organized by j3-level competition (Parrish and Bazzaz 1979). Our data indicate that dry to dry-mesic habitats tend to be dominated by graminoid species with broad niches, while wet~mes ic to hydric habitats tend to have dominants with more narrow niches. Upland sites are also dominated by prairie grasses, while sedges and grasses dom inate wetlands. Indicator Species Analysis (Dufrene and Legendre 1997) produced a total of 89 species « 20% of all species) that were significant indicators (at P ::; 0.05) of one of the six moisture gradient categories. These species were also unevenly distributed (X' = 56.97, P < 0.001) with 66% representing hydric or mesic habitats, 26% representing wet or wet~mesic habitats, and 8% representing dry or dry-mesic habitats. More than half (54%) of the indicator species were common species (i.e., with> 20% plot frequencies in at least one community) and were primarily forbs. As indicated by Corbett and Anderson (200l) , the tendency for dominant species to be widespread prevents them from being good indicators of specific habitats. The rarity of most species also precludes them from being sampled or detected as potential indicators, a condition observed for modal species by Curtis (1959). Among forbs, Pycnanthemum virginianum and Senecio pauperculus we re dominan t in wet,mesic sand prairie, Silphium terebinthinaceum and Fragaria virginiana in loam ptairie, and Solidago ohioensis and Solidago riddellii in dolomire prairie. In graminoid fen, Solidgo ohioensis and P)'cnanthemum virginianum were the most frequent forbs. The most abundant forbs in calcareous seep vegetation were Lobelia kalmii and Solidago uliginosa, although Silphium terebinthinaceum was not infrequent. There were few abundant shrubs in wet,mesic habitats. Comus racemosa was most abundant shrub in loam prairie, but was less frequent than Potentilla Jruticosa in graminoid fen and calcareous seep habitat. Rubus hispidus was the leading shrub in wet-mesic sand prair ie, while Salix glaucoph)'lloides was the most frequent shrub in dolomite prairie.
Vegetation Types
Wet Habitats: Prairie and Sedge Meadow
Wet prairie and sedge meadow vegetation occupy poorly drained habitats, and had strong similarity among their domi, nant graminoid species. Calamagrostis canadensis and Carex micra were abundant in all habitats, with the fo nner being the leading dominant in all wet prairies and secondary to Carex stricta in sedge meadows. Carex pellita and Spartina pectinata were co,dominant in wet prairies, but were absent or infre, quent in sedge meadows. Only Convolvulus selJium was a co' dominant forb in both habitats. Dryopteris thelypteris and Lycopus uniflorus were the most frequent forbs in wet sand prairie, while Solidago gigantea, Convolvulus se/)ium and Galium obtusum were dominant forbs in wet gravel prairie, and Aster simplex and L)'copus americanus most frequent in wet prairie. P),cnanthemum virginianum was the leading forb in sedge meadow, fo llowed by Eupatorium maculatum, Lycopus virginicus, and Dr),opteris rhelJ'pteris. Shrubs were infrequent, with Salix interior the most important shrub species in wet prairie and Rosa blanda in sedge meadow. Eriophorum angustiolium, with minor representation of Muhlenbergia glomerata and Calamagrostis canandensis. Dryopteris thel)'pteris was the dominant forb, while Sarracenia purpurea, L)'copus virginicus, and Drosera rotundifolia were also abundant. Salix /Jedicellaris and Betula /)umila were the most frequent shrubs.
Summary and Conclusions
Our ordination indicates that soil drainage is the primary envi, ronmental factor affecting the d istribution of prairie' and graminoid,dominated we tland plant communities in the Chicago region. This vegetation supports multiple models that have been demonstrated in other studies of prairie vegetation. As established by Curtis (1959) , plant species fanned an individualistic distribution comprising a continuum. Graminoid species also formed a nested hierarchical continuum, a pattern = expected for dominant species (Collins and others 1993) . The overlapping distributions of these species allow characterization of communities based on the ir compositional differences across differing substrate and moisture classes. Common graminoid and forb species were also more abundant among communities than rare species, supporting the niche~based regional species distribution mode l of Brown (1984) .
Species richness was greatest at the midpoint of the soil moisture grad ient, which apparently represents optimum resources for a greater pool of species available to colonize these intermediate habitats. Most species were rare with in and among communities, with less than 20% of all species signifi~ cant indicators of moisture gradient categories. These species were not evenly distributed, with greater abundance in hydric and mes ic habitats.
Species that are commonly thought of as comprising prairie vegetation occurred across the entire dry to hydric soil moisture grad ient, but were better represented in dry than in wet or hydric habitats. Prairie grasses also appear to have broader niches in upland sites than dominant grasses or sedges in wetlands. Schizachryium scoparium was the dominant grass in dry and dry-mesic habitats, and was less abundant in mesic and wet-mesic habitats. Stipa spartea, Koeleria cristata, and Bouceloua curtipendula were most abundant in drier habitats. Sorghastrum nutans, Andropogon gerardii, and Sporobolus heterolepis were the most abundant grasses in mesic habitats, and were replaced by increas ing abundances of Calamagrostis canadensis and Spartina pectinata in weHnesic and wet habitats. These grasses, as well as some prairie forbs also extended into sedge meadow and graminoid fen, where they associate with wetland and calci~ colous sedge and grass species. However, only Calamagrostis canadensis continued as an important grass in hydric habitats.
A lthough some sedge species characterize upland habitats, many tend to become more abundant than grasses primarily in lower points of the soil moisture gradient. T hese species include Carex stricta, Carex haydennii and Carex pellita in wet~ mesic to wet habitats, Carex lacustris and Carex lasiocarpa in wet habitats, and Carex aquatalis in hydric habitats. " Appendix I. Average frequencies of grass and sedge species occurring at 15 % average frequency in at least onc community. Ordered by abundance across the first NMS ordination axis. 
